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Abstract 

We consider D-brane-anti-D-brane systems at T > 0. Starting at the closed string 
vacuum, we argue that a finite temperature leads to the reappearance of open string 
degrees of freedom. We also show that, at a sufficiently large temperature, the open 
string vacuum becomes stable. Building upon this observation and previous work by 
Horowitz, Maldacena and Strominger, we formulate a microscopic brane-antibrane 
model for the non-extremal black three-brane in ten dimensions (as well as for the 
black two- and five-branes in eleven dimensions). Under reasonable assumptions, and 
using known results from the AdS/CFT correspondence, the microscopic entropy 
agrees with the supergravity result up to a factor of 2p+i, with p the dimension of 
the brane. The negative specific heat and pressure of the black brane have a simple 
interpretation in terms of brane-antibrane annihilation. We also find in the model 
states resembling black holes and other lower-dimensional black branes. 
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1 Introduction 



Polchinski's identification of D-branes as tlie microscopic counterparts of the RR- 
charged black brane solutions of type II supergravities opened the possibility to 
explain black brane entropy in terms of the open strings living on the D-branes. This 
possibility was realized by Strominger and Vafa 0, who were able to reproduce the 
exact entropy of certain extremal black holes through a microscopic state counting. 
The counting was soon extended to some near-extremal cases |Q, and this was followed 
by a tremendous surge of activity 0, which led to the discovery of the AdS/CFT 
correspondence as a remarkable by-product, and continues even today (see, e.g., 
the interesting recent works []^, ||, ^). 

Most of the examples where a successful microscopic description has been found 
involve extremal and near-extremal black branes. These systems have positive specific 
heat, and their entropy can be accounted for using a gas of finite temperature living 
on the D-branes. Black branes which are far from extremality, like the ordinary 
Schwarzschild black hole, are in this respect much more challenging. Consider for 
example the case of a neutral black three-brane of mass M wrapped on a torus of 
volume V . Its entropy is given by 

5 = 235-t7r3v^Mt\/-3 . (1) 

If one tries to interpret this as the entropy of a gas of particles with energy E = M 
some well-known problems arise. First, since the power of E is larger than one, a 
simple thermodynamical calculation shows that the specific heat is negative. Second, 
by extensivity the exponent of V is forced to be negative, which implies that the 
pressure p = T {dS/dV)]^.j is negative. Finally, when the black brane evaporates 
completely through Hawking radiation, all of its excitations disappear, meaning that 
the field theory which describes it microscopically should have a vacuum with no 
degrees of freedom other than (possibly) closed strings. 

The last point suggests that the relevant field theory should perhaps display con- 
finement: the black brane could then be associated with an unconfined vacuum, and 
the endpoint of the evaporation process would be identified with the confined vacuum, 
where flux tubes (closed strings) are the only allowed excitations. This could also ex- 
plain the negative pressure: because of the energy difference between the confined 
and unconfined vacua, the system would gain energy by reducing its volume. 

The starting point for the present work is the observation that these same prop- 
erties are in fact possessed by D-brane-anti-D-brane systems. These systems were 
first analyzed in [^, and have been much studied of late The fact that the cor- 
responding theory has a vacuum with only closed string excitations was conjectured 
by Sen |T^. The exact mechanism through which open string degrees of freedom 
disappear is still in debate; but a particularly promising proposal maintains precisely 
that the theory at the vacuum in question is confined |T3|, and that closed strings are 



to be understood as tubes of the confined fiux ||T^, |T5|, |T6|, |T7|. 

In this paper we will argue that non-dilatonic black branes may be understood 
microscopically as collections of branes and antibranes. It had been noted already in 
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p!8| that the Bekenstein-Hawking entropy of the D1-D5 system arbitrarily far from 



extremahty can be rewritten in a form suggestive of a microscopic model involving 
branes and antibranes (an observation which was extended to other cases in ||19|| ). 



However, the understanding of D-D systems was at that time insufficient to attempt 
a direct formulation of such a model — in particular, it would have been unclear why 
the branes and antibranes do not annihilate. As we will review in the next section, the 
situation in this regard has improved considerably in recent years. The significance of 
the tachyonic instability of the D-D system is now understood, and the exact tachyon 
potential has been determined I^D], ^ . Furthermore, it has been observed that on the 
worldvolume of a brane-antibrane system one can find solitons describing not only 



fundamental strings but also D-branes of lower dimensionality [|12|, |T5[. These 
results support the hope that the open string field theory associated with a space- 
filling brane-antibrane pair could give a non-perturbative definition of the full string 
theory. If this is correct, then it should certainly be possible to compute within this 
framework the entropy of black branes. 

In the following we will examine these ideas in more detail. In particular, we will 
show that, under reasonable assumptions about the degrees of freedom (including 
their reduction by a factor of 3/4 due to strong-coupling ^), a model with 
branes, antibranes, and corresponding gases of open strings, can precisely reproduce 
the black brane entropy (|l]), up to a puzzling factor of 24 which seems difficult to 
understand. We have already observed above that a D-D system has the correct 
properties to explain the disappearance of the black brane's degrees of freedom after 
its evaporation, as well as its negative pressure. As we will see, this system can also 
account for the negative specific heat. The explanation is simply that, when energy is 
taken from the gas living on the branes, it is entropically favorable to annihilate some 
of the branes, which effectively increases the temperature of the gas. In other words, 
for a fixed number of branes the specific heat is of course positive, but the possibility 
of getting energy from brane annihilation (or tachyon condensation in Sen's language) 
makes the specific heat of the whole system negative. 

The paper is structured as follows. We begin in Section ^ by discussing generic 
features of the brane-antibrane system at finite temperature. We will argue that, 
starting at the closed string vacuum, a finite temperature leads to the (re) appearance 
of open string degrees of freedom, a phenomenon which might have implications for 
the nature of the Hagedorn transition. We will also show that, at a high enough 
temperature, the 'tachyon' field at the open string vacuum is no longer tachyonic, 
and so the D-D system is stable. The analysis in later sections relies only on this last 
point, so readers interested mostly in black brane entropy considerations might wish 
to skip directly to Sec. 2^, where the point is made. In Section |^ we will formulate 
a simple D-D model for the black three-brane in ten dimensions (as well as the black 
two- and five-branes in eleven dimensions), and show that it correctly accounts for 
various properties of the supergravity solution. We discuss in detail the case of a 
Schwarzschild (neutral) black brane, and note that for the charged case supergravity 
curiously seems to suggest that the gases living on the branes and antibranes have the 
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same energies, and therefore different temperatures. Section ^ demonstrates that our 
microscopic model can reproduce certain features of the Gregory-Laflamme instabihty 
Our conclusions are given in Section ^ 
Other attempts to give a microscopic description of Schwarzschild black holes have 



been made previously, most notably via the string/black hole correspondence [^, ^ 
and in the Matrix theory [Bl] context 12^, |30|, pTl p2|. 



2 Brane-Antibrane Systems at Finite Temperature 

The knowledge emerging from the vigorous investigation of unstable branes in recent 



years |TT| has enhanced our understanding of the structure of string theory. This 



activity was initiated by Sen [|T2], who in particular conjectured that D-brane systems 



with a perturbative tachyonic excitation disappear completely via condensation of the 
associated scalar field (the 'tachyon'). At the end of this process the theory is defined 
in a new vacuum, whose excitations are described by closed strings alone. 

The verification of this proposal requires tools capable of describing strings off- 
shell, and this has led to a resurgence of string field theories. Considerable progress 
has been made along three distinct but intersecting routes: cubic open string field 
theory ||3^ (see in particular the works |^ |35|), noncommutative theories |^ |15| 



(for a review, see ||3^), and background independent or boundary string field theory 
(BSFT)[] |3^, Each of these methods has illuminated different aspects of the pro- 
cess of tachyon condensation; together they have provided an impressive quantitative 
verification of Sen's proposal. These results can be viewed as an indication that string 
field theories truly constitute a non-perturbative formulation of string physics, and 
are thus a valuable complement to the formulations provided to us by Matrix theory 
p8| and Maldacena's duality 

By means of BSFT, in particular, it has been possible to determine the tachyon 
potential exactly^ [^, |2l[]. This potential has the property that its second deriva- 
tive at the minimum (i.e., the mass of the tachyon,) is infinite, which is in agreement 
with our expectation that, at the end of the condensation process, all open string 
degrees of freedom are absent — the D-branes have disappeared. In this section we 
will argue, however, that the description of the closed string vacuum as a tachyon 
condensate has an interesting consequence: if we turn on a finite temperature, the 
open string degrees of freedom will reappear. Our main interest is the case of a 
brane-antibrane system in superstring theory, but the essential features are the same 
for unstable branes in bosonic or supersymmetric string theories. 



^This is essentially a refinement of the old sigma- model approach. See |38| and references therein. 
^Remarkably, it had been anticipated in |2^, where it was shown to possess all the desired 
features. 
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2.1 A single brane-antibrane pair 



For concreteness, we will carry out the analysis for a single D9-D9 pair in type IIB 
string theory. As always, the excitations of this D-brane system are described by open 
strings whose endpoints are anchored on the branes. The 9-9 and 9-9 strings give rise 
to the usual (GSO-even) gauge fields and gauginos {A^,Aa}, {A^,Aa} on the brane 
and the antibrane. The 9-9 and 9-9 strings, on the other hand, yield GSO-odd states: 
a complex tachyon (p from the NS sector, and massless fermions \I/q,, from the R 
sector. Since it originates from strings running between the brane and the antibrane, 
the tachyon is charged under the relative U{1) (i.e., A~ = — A^), but is neutral 
under the overall U{1) {A+ = + Z^). 




Figure 1: Tachyon potential for the brane-antibrane system. The physical range for the 
field is \(p\ < ^7r/2 (0 < \t\ < oo); the dotted lines outside this range have been drawn to 
aid the eye. 



The exact potential for the tachyon takes the form [^, |2T|, ^ 

r(0) = 2r9exp[-2|t(0)|2] , (2) 

where rg is the D9-brane tension, and t is the background tachyon field appearing 
in the worldsheet action, related to (the field with a standard kinetic term in the 
BSFT action) through the error function, 

\<j^\ = y|Erf(|t|) . (3) 
The potential (0) is of the 'Mexican hat' type (see Fig. 1): it has a maximum at = 



(the open string vacuum) and a minimum at |0| = y'n'/2 (the closed string vacuum). 
Close to the minimum it takes the form 

^(0) = -4^9(^/1 - - I'/'l) + • • • (4) 

As noted before, the fact that the tachyon has an infinite mass at the closed 
string vacuum {V"{(f) = 0) = -|-oo) is the concrete expression of its removal from 
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the spectrum of the theory. This is in fact expected for all open string degrees of 
freedom, although the precise manner in which each mode disappears is not entirely 
clear. This is especially true for the gauge field ^4+: calculations in cubic string field 
theory suggest that it acquires a mass whereas ordinary field theory intuition and 
BSFT suggest otherwise (see also |I6|, A promising mechanism 

for its ultimate removal from the theory is the proposal that the associated U{1) 
becomes confined []TE[ . This picture is attractive because, as a bonus, it allows one to 
understand closed strings at the = vacuum as collective excitations of the open 
string field: they are interpreted as electric flux tubesQ of the confined U{1) |T^, |T7 



If we now consider this same system at a finite temperature, standard thermal 
field theory reasoning tells us what to expect: a small temperature should lead to 
an effective potential in which the location of the minimum has shifted away from 



'7r/2. The physical reason for this is that moving towards = can be ther- 
modynamically favorable: it costs energy, but it also reduces the mass of the tachyon 
and therefore increases the entropy of the tachyon gas. The optimal configuration 
is the one that minimizes the free energy of the system, and this will vary with the 
temperature. For a large enough temperature the minimum could conceivably shift 
all the way to = 0, in which case the open string vacuum would be stable. 

When attempting to analyze this effect explicitly for the potential (0), one faces a 
number of difficulties. First, the field theory we are studying is non-renormalizable, 
not only because describes an interacting scalar field in 9+1 dimensions, but also 
because the complete action for the tachyon includes higher-derivative corrections 
(see 1^ and refs. therein). A related point is that the field theory (H) appears 
to be strongly coupled near the closed string vacuum, whereas string theory intuition 
would suggest that the coupling is e~^'*' gsN, which would mean that the system is 
weakly coupled for |0| y^7r/2 (|t| oo). This puzzle was noted in and has been 
further discussed in Jl^ |5^. The way to address these problems would be to work 
in the full string theory, including the effect of all the higher open string modes by 
performing a one-loop calculation in the BSFT language. For the zero-temperature 
case this has been attempted in various ways in ||5l|, see especially for a 
discussion of the issues involved.^ 

The need to resort to the full string theory highlights another qualification of our 
analysis: we will in what follows focus attention on the tachyon field alone, ignoring 
the contribution of all other open string modes to the free energy of the system. 
The rough picture we have in mind here is that as one approaches the closed string 
vacuum, the entire open string mass spectrum is shifted uniformly.^] If the tachyon 

■^The idea that closed strings are electric flux tubes has been discussed independently of the 
confinement scenario in |l^ . 

^The T > case is examined in | |5^ , which appeared while this paper was being written. 

^It is amusing to note that this is what a naive application of BSFT on the cylinder would predict: 
a constant tachyon background i = a in the worldsheet action simply multiplies the partition function 
by a factor of e~" ' (where I is the length of the boundary), which can be interpreted as a uniform 
mass-squared shift for all the modes. Given the relation (|^) between t and 0, this shift in fact agrees 
with the tachyon mass shift inferred from V" {(/)), AP + 1/2 = i^. 
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has the lowest mass, its contribution will be dominant as long as the temperature is 
low compared to the Hagedorn temperature. Summarizing, we hope that, despite its 
shortcomings, the minimalistic calculation that follows at least captures the essential 
qualitative features of the problem. 

The free energy for the brane-antibrane + tachyon condensate + gas system at a 



finite temperature T = (3 is 

F(0,/5) = 2r9e-2|*l' + 



(27r)' 



lo 



(5) 



where fig is the volume of a unit 8-sphere and M = yJV"{(j))/4:TQ = yjltl"^ — 1/2 is the 
mass of the particles in the gas (in = 1 units). Assume now that the temperature is 
small enough that e^*^ 3> 1 (note that in any case we are interested in temperatures 
lower than the Hagedorn temperature, i.e., P > Ph = 2\/2ti). Keeping only the first 
term in the expansion of the logarithm and carrying out the x integral, we are left 
with 

F(0, /3) ~ 2r9e-2|*l^ _ 2(271)-'' (M / f3fK,i/3M) . (6) 

Next, we would like to find the minimum of (|^), i.e., the value of (j) at which 
d(i)F{(j), (3) = 0. It is most convenient to write this as an equation for the value of M 
at the minimum, 

gsi2iT)\M/(3)'K,if3M)e''''^' = 4 . (7) 

To arrive at this equation we have made use of the fact that dx[x'^Ki,{x)] = —x^K^^i{x). 
and we have introduced the string coupling constant Qs using the formula for the D9- 
brane tension, rg = l/5fs(27r)^/g°. It can be seen from (|^ that in the free string limit 
Qs ^ the finite-temperature effects disappear, and the minimum remains at M = oo 
(0 = 0). The reason for this is simply that the D9 tension, which sets the scale of 
the zero-temperature potential (H), goes to infinity. We should therefore consider gs 
to be small but finite. 

The numerical solution to (^ is shown in Fig. 2. For /5, M ^ 1 one can use the 
exponential approximation to the Bessel function to obtain the analytic expression 



(3 In/? 1 
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21n2 + 1 



which gives a good approximation to the exact solution for all [3,gs of interest, and 
makes the (^s-dependence manifest. As noted before, for any given /3, M[(3) ^ oo as 
gs^Q. 



It is seen from (^ and Fig. 2 that the mass M of the tachyonQ is inversely pro- 
portional to the temperature, and that for reasonably small values of gs it becomes 

® Strictly speaking, the effective mass of the tachyon is not really M but the second derivative of 
, and one would ideally carry out a self-consistent calculation using this mass instead of M as 
an input to (^. However, as long as M is not too close to zero, the difference between these two 
masses is small, and so can be neglected to the accuracy of our analysis. 
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Figure 2: Mass of the open string tachyon in string units as a function of the inverse 
temperature, for ggN = 10~^'^ (sohd hne) and QgN = 1 (dashed hne), where N is the 
number of D9-D9 pairs. The vertical hne indicates the Hagedorn temperature, i3h = 2\/2'7r. 
See text for discussion. 

of order one in string units at sub-Hagedorn temperatures (e.g., M ~ 10 at /? ~ 18, 
which corresponds to T ~ Th/2). This is then a clear indication that the open string 
degrees of freedom are no longer neghgible at such temperatures.^ As stated before, 
at high enough temperatures the minimum may shift all the way to </> = 0, mean- 
ing that the open string vacuum is no longer tachyonic. The relevant temperature 
should be comparable to the energy needed to completely recreate the D9-D9 pair, 
and therefore (for small Qs) larger than the Hagedorn temperature, which means it 
cannot be detected directly within our present framework. We will return to this 
issue in Section using a slightly different approach. 

The preceding analysis has taught us that, since the tachyon field has the option 
of uncondensing only partially, one can have open strings (albeit of large mass) even 
if the energy density is lower than what is required to create a full D-D pair. Notice 
that, even though closed strings are certainly present as low energy excitations about 



the 1 01 = Y7r/2 vacuum, we have been able to ignore them in the foregoing analysis 
by working in the canonical ensemble, where the open and closed string gases simply 
have a common temperature. In the next subsection we will see that, in fact, it is 
more appropriate to use the microcanonical ensemble, where a given total energy U 
has to be be distributed among the components of the system in such a way as to 
maximize the entropy. For small [/, this means that the energy will go entirely to the 
closed string gas, the open strings becoming relevant only at a rather large value of U . 
Note, however, that one is free to consider a state with a large number N of brane- 
antibrane pairs, as we will do in more detail in the next subsection. In the regime 
Qs <^ QsN <^ 1, a state with D-D pairs and open strings decays only very slowly into 
closed strings, and can be considered metastable as long as it is stable with respect to 
the open string interactions, governed by QgN . It would be interesting to investigate 

^Of course, the fact that the theory is strongly-coupled near the closed string vacuum means that 
the free mass ~ V" can receive large corrections . But even if we do not interpret M as the 
tachyon mass, a low value of M implies that the minimum has shifted significantly. Note also that, 
away from \(t>\ = \pnj^^ the coupling can be reduced by taking gs to be small enough. 
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this state further using the boundary state formahsm to obtain the supergravity fields 
that it generates (however on has to take into account the fact that the system is at 
finite temperature [^3]). 

Even though states of this sort have lower entropy than a gas of closed strings with 
the same energy, they could conceivably play a role in certain physical phenomena. 
One such phenomenon might be the Hagedorn transition, about which we would now 
like to make some speculative remarks. 

Recall first that the Hagedorn temperature for closed strings is 'non-limiting': it 
can be reached by supplying a finite amount of energy. Open strings, on the other 
hand, have a limiting Hagedorn temperature (for detailed discussion on this and 



related issues, see, e.g., ||5J, |5^). This fundamental distinction makes the closed string 



case rather mysterious,^ and throughout the years several authors have speculated 
about the possible nature of the phase transition associated with the non-limiting 
behavior (see, e.g., |5^, or the recent works ||5^ and refs. therein). 

If one considers string theory models of hadrons, then the Hagedorn transition is 
naturally associated with the deconfinement transition. In that context strings are 
fiux tubes of the color electric field, which disappear above the critical temperature, 
since the fiux can spread. If instead one considers closed strings to be fundamental 
objects, this picture does not seem relevant. However, as discussed recently, in the 
context of unstable brane systems closed strings can in fact be described as fiux 
tubes of the open string gauge field, which has been argued to be confined in the 
closed string vacuum [^, [l^. If the analogy can be pushed further, the Hagedorn 
transition could perhaps be related with the spread of these fiux tubes, which is only 
possible if D-branes appear. This would imply that for finite values of the string 
coupling constant, the closed string spectrum changes drastically as one approaches 
the Hagedorn temperature, and the closed strings ultimately disintegrate into open 
strings, which cannot then be heated above the Hagedorn temperature. 

Remember also that the usual analysis of string thermodynamics reveals that as 
one approaches the Hagedorn temperature the energy goes into a single highly excited 
string, which looks like a random walk that fills the entire volume available. If this 
long string is built from electric fiux, then it seems likely that the state can be seen 
bubble where electric fiux is unconfined. 

Unfortunately, the simple-minded calculations of the present section are not enough 
to pursue these ideas further, even if they suggest that a relation between the Hage- 
dorn transition and the emergence of open string degrees of freedom is possible. 
Closely related remarks have been made in [B3 . 



2.2 Multiple brane-antibrane pairs 

How would the discussion in the previous subsection change for > 1 D9-D9 pairs? 
Strings running between the branes and the antibranes give rise to A^^ complex 
tachyon fields which can be assembled into an x matrix tac, 1 < a,c < N. 

^We are grateful to Bo Sundborg for emphasizing this point to us. 
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The potential is |21 



y(0)=2r9Trexp[-2|t(0)|2] . (9) 

The matrices (tt^)ac and {tH)ac can be simultaneously diagonalized by forming ap- 
propriate linear combinations of the branes and (independently) the antibranes, so 
one can restrict attention to the case where only the diagonal tachyons condense. The 
potential (H) is minimized by 

tac = t6ac, t^OO =^ V = Q , (10) 

which leads to a shift in the mass of all A^^ tachyons. For our purposes, the result 
is to increase the first and second terms in (^ by respective factors of and A^^, 
reflecting the energy of the branes and the number of tachyon species: 

F(0, (3) = 2NTge-^\'\' - 2{27c)-^ N^M/ (3' fK^iPM) . (11) 

The net effect is simply to replace Qs with ^f^A^ in Eqs. (|^) and (||), a fact which has 
already been taken into account in the caption of Fig. 2. 

Having noted the possibility for an arbitrary number A^ of brane-antibrane pairs 
to reemerge from the vacuum, it becomes clear that the value of A^ is not arbitrary 
and should be determined thermodynamically. The A^-dependence displayed by (pAj), 
and the relative minus sign between the two terms, imply that a plot of the free 
energy as a function of A^ has the shape of an inverted parabola, and is therefore 
minimized at A^ = cxd for all (3 < oo. We thus conclude that, in the canonical 
ensemble, the minimum (^ is unstable: the system can lower its free energy by 
increasing A^ (with M decreasing in the process), driving the coupling constant QsN 
into the non-perturbative regime. The closed string vacuum at finite temperature is 
of course already known to be unstable due to black hole formation, and in Section 



^ we will see that these two types of instabilities are in fact related (see for 
related discussions). At the same time, it is clear that the system is not unstable in 
a microcanonical analysis: given a finite amount of energy, the entropy vanishes if 
we use it all up to create D-D pairs, or if we create no pairs at all, so there is an 
intermediate value of A^ which maximizes the entropy. 

Our main goal thus far has been to understand the phenomenon of reappearance of 
open strings in the closed string vacuum at finite temperature, but it is also interesting 
to think in these terms about the reverse process. Consider A^ D9-D9 pairs at the 
open string vacuum. As we know, they are unstable and will decay by tachyon 
condensation. In order for energy to be conserved in the process, the energy gained 
from sliding down the tachyon potential must be used to produce strings, closed or 
open. We can ensure that all of the energy goes into open strings by taking gg ^ 
while keeping ggN fixed: emission of closed strings by the branes is then forbidden. 
The endpoint of the condensation process will then consist of an open string gas on 
A^ partially condensed branes. The final tachyon expectation value will lie close to 



irr/2 for ^f^A^ <^ 1, and it will move towards = as ggN is increased. For 
large enough gsN, then, it is conceivable that the tachyon will not condense at all. 
We will now examine this possibility in more detail. 
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2.3 Critical temperature 



For use in the next section, we will carry out this part of the analysis for a D3-D3 
system. We would like to determine the conditions under which the open string 
vacuum, t = = 0, is a minimum of the effective tachyon potential. When this 
happens, the 'tachyon' will no longer be tachyonic, so (at sub-Hagedorn temperatures) 
the massless fields will make the most important contribution to the free energy. The 
tachyon gas in our previous calculations must consequently be replaced by a gas of 
gluons (+ transverse scalars + superpartners) . If one starts at = 0, then sliding 
down the tachyon potential (||) lowers the energy of the system, but it also gives mass 
to the relative U{N) gauge fields, and so decreases the entropy of the gas. We are 
interested in establishing which of these effects dominates. 

The free energy for the brane-antibrane + tachyon condensate + gas system at 
temperature T = (3~^ is given by the obvious modification of (Bl), 



= 2r3Tre-'l*l' + 



(2vr) 



;CN^I3' 



POO 

/ dx In 

Jo 



(12) 



where = 1/ gsi^nYl"^, m ~ |0| is the mass given to the gluons by the Higgs effect, 
and the numerical constant c = 8 + 8(7/8) for the relevant 8 bosonic + 8 fermionic 
degrees of freedom (gauge field + transverse scalars + superpartners). Starting at 
= and letting a single diagonal tachyon condense]^ by an amount 6(j) gives mass 
to out of the A^^ species of particles in the gas, and so changes (O) by 



6F 



(13) 



which is positive for large enough temperature. Disregarding the numerical constants, 
we thus learn that for 

T > . (14) 

the open string vacuum is a minimum of the free energy (equivalently, a maximum of 
the entropy for fixed total energy^), and the brane-antibrane pairs do not annihilate. 

To arrive at (|IB|) we have considered the mass that the relative gauge fields (and 
scalars) acquire due to their coupling to the tachyon, but we can equivalently phrase 
the result in the opposite direction: the second term of (|13D represents a mass term for 
due to a thermal expectation value for the relative gauge fields, {A~ A~)t ~ A^T^, 
corresponding to a mass ~ sJqsNT. 



It is important to note that the regime (|1^) lies in the physically accessible sub- 
Hagedorn region only for non-perturbative values of the coupling, QsN > 1, where 



^Letting all diagonal tachyons condense (see the discussion following (|^)) would yield a factor 
of N in the first term of (O), but it would also give mass to all N'^ species of particles, leaving 



condition (g_4|) unchanged. 

^''As we have seen in the previous subsection, a microcanonical analysis is preferable because in 
the presence of a heat reservoir the system is unstable towards creation of an infinite number of 
brane-antibrane pairs. 
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we would expect the system to have a dual supergravity description. In the following 
sections we will use this insight to model black branes in supergravity in terms of 
brane-antibrane systems. 



3 Entropy of Black Branes 

In the previous section we found that at a large enough temperature there is a stable 
state of a D-D system where a finite number of brane-antibrane pairs are uncondensed. 
In order for this temperature regime to be physically accessible the system must be 
strongly-coupled, QsN > 1. It is thus natural to expect the uncondensed D-D state 
to have an alternative supergravity description, which could only be a black brane at 
the same temperature. In fact, it is known that in many cases |1T8| , [l^ the energy and 
entropy of black branes admit an interpretation in terms of branes and antibranes. 
In this section we explore this idea more closely for the case of black three-branes 
in type IIB string theory and black two- and five-branes in M-theory. These non- 
dilatonic cases have been analyzed in their near-extremal regime in |2^, and 



play an important role in the AdS/CFT correspondence P]. The regime far from 



extremality has been considered from the point of view of Matrix theory p9|, BOl pTI, p2| 



and by means of the string/black hole correspondence [^, ^\ but, to the best of our 
knowledge, has not been discussed in the context of brane-antibrane models. We will 
carry out most of the discussion for the best-understood case of D3-branes, leaving 
the M2- and M5-brane cases for Section WA. 



3.1 Brane-antibrane model for black three-branes 

The model that we consider is the low-energy theory on the worldvolume of a system 
of D3-branes and N anti-D3-branes. From the gauge theory point of view this 
means that the original U{oo) x U{oo) gauge group of the full theory is broken down 
(by the expectation value of the tachyon) to U{N) x U{N). Since the numbers 
and N of uncondensed branes and antibranes can vary, the actual values are chosen 
to maximize the total entropy of the system for fixed charge and mass. 

The temperature is assumed (and later confirmed) to satisfy -^^^=^ <^ T <^ 1 (and 
similarly with N) in string units. As seen in (|T^), the first inequality is required 
for stability; the second one allows us to ignore the massive open string modes. For 
the above temperature range to exist we must have QgN ^ 1, QgN ^ 1, so we are 
necessarily in the strong-coupling regime. We will take (^^ -C 1 to suppress closed 
string loops. Under these conditions, when a brane-antibrane pair annihilates the 
energy goes to the gas of open strings on the remaining branes and antibranes, rather 
than being emitted as closed strings (Hawking radiation), since the latter process is 
disfavored for small Qs- 

Since we are trying to formulate a microscopic model for a supergravity solution, 
the restriction to strong coupling was of course expected. Notice, however, that 
the situation is rather peculiar in that there is no weakly-coupled stable vacuum: if 
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gsN < 1, then for any physical temperature the open string vacuum is unstable and 
the D-D pairs will condense, driving the system towards the strongly-coupled closed 
string vacuum. This means that, unlike other cases, here we do not have the option 
of studying the system at weak-coupling and then extrapolating to strong-coupling. 

In the absence of a weakly-coupled regime, and knowing that the theory is not 
supersymmetric, the best one can do is to use plausibility arguments to determine 
the entropy. If the result turns out to agree with supergravity, perhaps the only 
conclusion should be that supergravity predicts a reasonable behavior for the system 
at strong coupling. More optimistically, one could view an eventual agreement as 
evidence for the validity of the microscopic model. With these caveats in mind, we 
now proceed to compute the entropy. 

The theory on the branes is (3 + l)-dimensional AT = 4 super- Yang-Mills (SYM) 
with gauge group U{N). The theory on the antibranes is also A/" = 4 SYM, with gauge 
group U{N), although the supersymmetry generators of the brane and antibrane 
theories are different. At weak coupling these theories would give 8A^^ + 8iV^ massless 
bosons, 2N'^ + 2iV^ from the gauge fields {A^^,As_c) and 6N'^ + 6iV^ from the scalars 
^sc)' plus the same number of massless fermions (A°^, A?g). In addition, the 
theories are coupled together by the fields arising from brane- antibrane strings, which 
transform in the bifundamental of U{N) x U{N). These are NN complex tachyons 
{4>ac) and 16A^iV massless fermions {"^^c) coming from the Ramond sector. 

At strong-coupling the counting is modified. A qualitative approach (which as we 
will see does not give a full answer) is to observe that the cubic and quartic couplings 
give mass to some of the fields when others have expectation values [^, 2^. If the 



mass is larger than the temperature, then these degrees of freedom are frozen and 
should not be counted. 

Let us remind ourselves how this works in the case where there are only D-branes. 
The scalars for example get a mass from the term 



TV 

g,TT[^\^^r = 2g, ^ {KA) {HA - ^A^ia) ■ (15) 

a,b,c,d=l 



On dimensional grounds (($„;,) ^) ~ T"^, so at large the last term gives a mass 
of order ^/gJ^T to all the fields. The same is valid for the gauge bosons and the 
fermions.]"] In the regime ggN ^ 1 this mass is much larger than the temperature, 
so in principle these degrees of freedom should not be excited. However, if they are 
not excited, then they do not get a large mass. For example, if only the diagonal 
fields (corresponding to strings going from one brane to itself) acquire expectation 
values, then the off-diagonal fields are given a mass of order m ~ T, which is not 
large enough for them to be suppressed. This contradiction means that the naive 
argument does not provide a definite answer, but it does suggest that the situation 
is intermediate between these two extremes. At present, our limited understanding 

-"^-"^In the case of the fermions the relevant coupUng is ^/g^^l^i^AbcT^Aca- Since (Tr$) — and 
(Tr$2) _ 7v2(($„6)2) ^ N^T"^, the eigenvalues (p' of satisfy \ip'\ - VNT. 
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of this case comes from the AdS/CFT correspondence 0, which predicts that the 
entropy at <^ 1 <^ QsN is the same as that of a free field theory with only QN"^ 
bosons and the same number of fermions, instead of the naive 8A^^ ^ . 

Going back to the case of branes and antibranes, the situation is similar. We can 
apply the above argument to show that, if 0{N'^) fields are excited on the branes 
and 0{N'^) on the antibranes, then the tachyons (pac and the fermions acquire a 
mass of order QgNT , which is in fact what we obtained (for the tachyon) in Section 
p73| . If such is the case, the fact that (for QgN ^ 1) the temperature is much lower 
than their mass means that these fields are not excited, and the theory on the branes 
decouples from the theory on the antibranes. For these two decoupled theories, the 
AdS/CFT correspondence predicts that indeed O^N"^) and (9(iV^) fields are excited, 
respectively, making the result self-consistent. 

The upshot of this long discussion is that the energy, entropy and charge of our 
microscopic system should be given by 

2 2 

Mft = [N + N)t3V + a—N'^VT^ + a—NWf\ (16) 

16 16 

2 2 

12 _ 12 ' ^ ' 

Q = N-N, (18) 

where = l/(2TTYgJ'^ denotes the tension of the D3-branes. The numerical constant 
a = 8 if we consider 8 free bosons and 8 free fermions, but a = 6 if we use the strong- 



coupling input from the AdS/CFT correspondence [^, as we will do from now 
on. We have taken the theory to be compactified on a torus of volume V. The above 
formulas would be expected to hold only for T > V~^^^, but in fact they are valid even 
for much smaller temperatures because the branes can be multiply-wrapped, which 
effectively means the gases live in a much larger volume []59| , p7| . Finally, notice that 
since the theories are decoupled, the gas on the branes and the gas on the antibranes 
could a priori have different temperatures, T ^ T. 

The energy ([16D includes a contribution from the brane/antibrane tension (or 
equivalently, from the tachyon potential) and another from the gases. These two 
contributions can be distinguished by considering the full energy-momentum tensor, 
because the tachyon potential contributes with a minus sign to the space-space com- 
ponents of T^u- 



Too = iN + N)T, + a—N'T^ + a—N'T\ (19) 

16 16 



-{N + N)t, + a^N'T^ + a'^N^f^ 
48 48 



5., , (20) 



where i,j = 1, 2, 3 and we have used the fact that the trace of T^^, is zero for a gas 
of massless particles. So, for example, one can separate the energy due to the brane 
tension by computing T = rj^^T^j^, which receives no contribution from the gases. 
Expressions (0) and (pOD are useful to us because the same logic can be applied in 
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the supergravity side: T^j, can be computed using the asymptotic value of the black 
brane metric, and then both contributions can be distinguished also in that case. 

The last step in the formulation of the microscopic model is to maximize 5'ft with 
respect to N and N, keeping Mft and Q fixed. In the next two subsections we will 
do this and then compare the result with supergravity. 



3.2 Comparison with supergravity: neutral case 

We consider here the neutral case, Q = N — N = 0, leaving the more general case to 
the next subsection. Since = iV, by symmetry we expect the temperatures to be 
equal, T = T. Thus, the energy and entropy are given by 

Mft = 2NT3V + a—N'^VT^ , (21) 

8 

= a—N^VT^ . (22) 
6 

As discussed in the previous subsection, including strong-coupling effects we expect 
a = 6. If one is not interested in the numerical coefficient then a can be taken as an 
unknown constant, and the correct functional form of the entropy should follow just 
from the fact there are 0{N'^) massless degrees of freedom. 

The value of N is determined by maximizing the entropy at fixed Mft- From the 
above relations we obtain 

S^T^ = a-i—^^/NV-i{M^T-2NVT-i)i , (23) 
3 

which is maximized by 

1 Mft 

N = -^. (24) 

This is easily seen to imply that the energy contained in the gases is 3/2 of the total 
tension of the branes and antibranes, a prediction which as is shown below agrees 
with supergravity. Plugging the equilibrium value (^^ back into (|23|) we obtain the 
entropy-energy relation 

= a32t3-35-t7r3v^\/-3M|T , (25) 

where we have expressed the D3-brane tension in terms of the gravitational coupling 
constant, ts = a/tt/k. In addition, we find that the temperature is T ~ {gsN)~i, 
which as required satisfies -^^^=^ <^T <^ 1. 

To compare with supergravity, we recall that a neutral black three-brane with 
Schwarzchild radius tq has mass and entropy 

^SG = l^roV, (26) 



2 k' 

27C' 



SsG = —rIV, (27) 
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which imphes that 

= 2h~h^^/^V~-iM|Q . (28) 

Identifying Msg = Mp^, we see that the functional form of the supergravity and field 
theory entropies agree. The numerical coefficient would agree for a = 48, but as we 
have seen the AdS/CFT correspondence implies that a = 6, meaning that the field 
theory entropy is a factor of 2^/^ too small, 5*30 = 2^/'^S'ft- Equivalently, one can 
say that the supergravity entropy behaves as if the gases carried twice the available 
energy. 



A similar factor was found already in UTSf for the D1/D5 system far away from 



extremality. The authors observed that considering separate gases to account for the 
entropy results in an energy 4 times larger than the correct value. We will see in 
Section |3.4| that the same factor appears in the M2- and M5-brane cases after one 



takes into account the AdS / CFT prediction for the strong-coupling behavior of the 
worldvolume theory. 

Another interesting check is to consider the energy-momentum tensor. From the 
asymptotic value of the gravitational field one finds that (see also the Appendix): 
Tij = — |Too5ij. Putting Too = T + E and Tij = (— T + ^E)6ij, where T is the 
contribution from the brane/antibrane tension and E from the gases (see the previous 
subsection), one obtains E = |T, in agreement with the field theory prediction. 

Before moving on to the charged case, let us discuss an interesting issue that 
appears already here. Since we reproduce the black brane entropy, it is clear that 
the specific heat of our system is negative. To understand why, let us consider how 
Hawking evaporation proceeds in this model, and check that the temperature in- 
creases when energy is radiated. When a closed string is emitted, energy is taken 
from the open string gas, so a priori the temperature should decrease. However, we 
have found that, in equilibrium, the energy in the gas is 3/2 the tension of the D-D 
pairs. This means that, when the gas has lost enough energy so as to match 3/2 the 
tension of — 1 pairs, it will be entropically favorable for one pair to annihilate, 
giving energy to the gas and increasing its temperature. This is repeated again and 
again, effectively increasing the temperature on average as the mass of the system 
decreases. The process will continue until QgN ~ 1, where the gas reaches the Hage- 
dorn temperature (T ~ 1 in string units) and the model (p!^)- ([T8|) , based only on 



the massless open string modes, ceases to be valid. At this point we would expect 
all of the available energy to go into a highly-excited (open or closed) long string, so 
the brane-antibrane model makes contact with the string/black hole correspondence 



||26| , |27| . Indeed, gsN ~ 1 is precisely the correspondence point, where the curvature 
of the black brane at the horizon is of order the string scale, and the Bekenstein- 
Hawking entropy is known to match the entropy of a long string at the Hagedorn 



temperature [ET . 
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3.3 Comparison with supergravity: general case 

We start by considering the supergravity expressions, following a procedure similar 
to [113. The energy, entropy and charge of a non-extremal three-brane are given by 
i 



M 
S 

Q 



r^V (^cosh2a + 
rgV^cosha , 



TT 2 . 

— sinh 2a . 



(29) 
(30) 
(31) 



As discussed before, it is interesting to consider not only the mass but also the other 
components of the energy-momentum tensor. As shown in the Appendix, it turns out 
to be 



-00 



TT / 3 
— rg cosh 2a + - 

K"^ \ 2 



T 



TC 



2^0 



cosh 2q; + - 



(32) 
(33) 



Comparing (p9[) , (^Tj) and (^) with (|16|), (|T8]) and (^) uniquely determines 



The energy of the gases is then identified with 
in terms of which the entropy can be written as 



SG 



„5 3 1^,1„3/ 
243^47r2y4^4 



(34) 



(35) 



(36) 



From (|T^) and (^) with a = 6, we see that this is the correct entropy for a gas 
of particles on the N branes plus another gas on the iV antibranes, both with the 
same energy E. However, since the total energy available for the gases is in the 
field theory model we have to assign an energy E/2 to each of them, resulting in a 
mismatch in the entropy which is exactly the same as found for the neutral case in 
the previous subsection: S'sg = 2^/^S'ft- Under the condition that the energies in 
both gases are the same, one can check that the expressions (Q) are the ones that 
maximize the entropy for fixed charge and mass. 

The fact that the energy densities (or equivalently the pressures) of the two gases 
are the same implies that their temperatures T,T are different. They are related 
through 

2 11 



T, 



FT 



T ^ T 



(37) 
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where Tpx is the temperature defined as Tp,^ = {dS/dM)Q. Due to the discrep- 
ancy in the numerical coefficient of the entropy, TpT is a factor of 2^/^ smaller than 
the Hawking temperature of the black brane, Th = l/7rroCosha. An expression of 
the same form as ( ^Tf ) appeared in the analysis of the D1/D5 system, relating the 
Hawking temperature to the temperatures of the left- and right-moving modes in the 
microscopic description 0]. Remarkably, in that case the two distinct temperatures 
could be recognized also in the supergravity side, by computing the greybody factor 
||6CI|| . It would be interesting to see whether the same can be done here, examining 
the absorption probabilities for the non-extremal three-brane. For the near extremal 
case the absorption probability was computed in |^ and also in where a much 
more precise analysis was done. It would be interesting to extend the results to the 
region far from extremality. 

As we emphasized before, since the theories on the branes and antibranes are 
decoupled, there is nothing to prevent us from postulating that the temperatures of 
the corresponding gases are different. However, it is not clear to us why supergrav- 
ity seems to require that their energies be the same.Q It is conceivable that states 
in which the gases have different energies (or equivalently, different pressures) are al- 
lowed microscopically. If so, they could correspond to other supergravity backgrounds 
(perhaps like the ones found in [^), or they might not even have a supergravity de- 
scription. A clue in this respect might be the observation that, under this condition, 
the ffuctuations in the transverse positions of the branes and the antibranes turn 
out to be equal, and of the order of the Schwarzschild radius. This follows from the 
fact that such ffuctuations are measured by the eigenvalues of the N x N scalar ffeld 
matrix (i = 1, . . . , 6). As noted in subsection |3]5, the eigenvalues are of order 
iVT^ for the branes and iVT^ for the antibranes, with agreement if both gases have 
the same energy density (iV^T^ = iV^T^). 

The equality of the two energies implies that, as one approaches the extremal 
limit M = Qt^V (i.e., a — > cxd with tq oc e~"/^), the temperature of the gas on 
the antibranes grows without bounds. On the other hand, since the model is based 
on massless open string modes, it is expected to be valid only if both T and T are 
substantially lower than the Hagedorn temperature Th ~ l/h- From the microscopic 
perspective, we know that the Hagedorn temperature is in this case limiting (see. 



e.g., 0), and we expect that as T — T^, the energy available to the gas on the 
antibranes goes to a highly excited long string, whose contribution to the entropy is 
however negligible compared to the gas on the branes. 

In the near-extremal region, it is known that the black brane entropy can be 



precisely reproduced using a system without antibranes [23|, so as one approaches 



extremality one would intuitively expect a transition to this class of states. It is 
easy to see that the entropies of these two microscopic descriptions cross when M ~ 



^^A similar correlation between the various components of the system was observed in ||T^. It 
is intriguing to note the similarity between these correlations (and their accompanying numerical 
discrepancies) and certain aspects of the field theory model for eternal AdS black holes that was 
very recently formulated in ||^. 
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GQt^V, which indeed suggests a transition, with the brane-antibrane system being 
the preferred one further away from extremahty. However, it is hard to see how one 
could retain the agreement with supergravity in the entire parameter space: the brane- 
antibrane model gives the exact dependence of the black brane entropy on M and Q, 
but gives a numerical value which is always a factor of 2^^^ too small, whereas the 
model of |Q is in accord with supergravity in the near-extremal region, but deviates 
significantly from it already at the presumed transition point. To summarize, at least 
from the microscopic point of view there appears to be a discontinuity in taking the 
near-extremal limit, but the issue clearly deserves futher study. 



3.4 Two- and five-branes in eleven dimensions 

The calculation of the entropy can easily be generalized to the case of M2- and M5- 
branes. For the neutral case, our microscopic model is again of the form 

Mft = 2NTpV + aN''VTP+^ , (38) 

with the entropy given by 

Sp^ = UlaN'VTP , (39) 
P 

where c and a are numerical constants which depend on the type of brane. They follow 
from the near-extremal case [BS] or equivalently, from the AdS/CFT correspondence. 
Proceeding in the same way as in the case of the D3-brane one finds 

Sft = 2~'^a'^Tp "^'p'^ {c + p)^ c^^'V^M^ . (40) 
In the case of the M5-brane the tension is given by 

r, = 2-^/\^'-'k-^'^ , (41) 
and the calculations for the near-extremal case suggest that 

a = 2^3"^57^^ c = 3 . (42) 

This gives an entropy 

5ft = 2-^=^/631/3^1/=^ /s:2/3^-l/3^4/3 ^ ^43) 

which has the right dependence on the mass and volume as compared with the su- 
pergravity result 0, but is a factor 2^/^ too small. 
For the M2-brane the tension is given by 

r, = 2^/\'/'n-'/' , (44) 

and the near-extremal case suggests that 

a = 2"/23-V, c=^, (45) 
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so one finds 

Sft = 23/231/67-7/6^1/3^1/3^-1/6^7/6 ^ ^4g) 

which again has the right behavior but this time is a factor 2^/^ too small. It is 
intriguing that the numerical factor can be corrected in the same way for all three 
models: the 2^^^^^^^ discrepancy means that in the three cases the supergravity en- 
tropy behaves as if the gas carried twice the available energy. 

The charged case is again similar to the D3-brane described in the previous sub- 
section. The supergravity formulas can be found in The black five-brane solution 
in eleven dimensions has 



SG 



SsG 



Q 



2t^ 
27r2 



rlV cosh 2a + - 



-r 



cosh 2a + 



— -^r^I^cosha , 

2i7r2 , , 

— --ro smh 2a , 



while for the black two-brane one has 

Msg 



— r^y ( cosh 2a + - 



— cosh 2a H — ] 6,, 



SsG 

Q 



^ 6 

2tt^ 

—rlV cosha , 

—= — —rf. sinh 2a . 
V^/s:4/3 



(47) 
(48) 
(49) 
(50) 

(51) 
(52) 
(53) 
(54) 



It is easy to see that these formulas can again be interpreted in terms of a brane- 
antibrane model with 



MpT 

T- 

S'ft 

Q 



{N + N)TpV + aN^VT'P^'^ + aN^VT^^^^ 
1 



(A^ + N)Tjy + - iaN^VT^^^ + aN^VT^^^ 
p \ 



p+l 



P 

N-N 



(aN^VTP + aN^VTP) , 



(55) 
(56) 

(57) 
(58) 



and that the inferred values of N and N correctly maximize the entropy for a given 
mass and charge. Just like in the D3-brane case, one finds here that, to match the 
supergravity expressions, the energy densities of both gases have to be the same. The 
constant c turns out to be the same as in the near-extremal case |Q, but a differs by 
a factor of 2^ as before. 
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4 Instabilities of Black Branes 



As shown by Gregory and Laflamme ||2^, black p-branes are generally unstable, and 
tend to split into lower- dimensional branes. This can be seen thermodynamically, 
by showing that lower- dimensional branes of the same mass have larger entropy, or 
dynamically, by studying metric perturbations. The best studied example is the black 
string, which is believed to collapse into a series of black holes (see however, the recent 



paper If the black string is charged, one expects the black holes to be threaded 



by an extremal (or near-extremal) black string carrying the charge. For higher- 
dimensional branes one has similar expectations. That the thermodynamical and the 
dynamical instabilities are related is not obvious. Recently it has been conjectured 
and checked in several examples that the classically unstable mode appears when the 
entropy is not a local minimum This is another remarkable example of the deep 
connection between gravity and thermodynamics. 

An important property of the Gregory-Laflamme transition is that it does not 
occur if the black brane is wrapped on a torus of sufficiently small size, as can be seen 
by examining the expressions for the entropy. For simplicity, we will restrict attention 
to the case of a brane with no charge. The entropy of a neutral black p-brane in D 
dimensions is given by 

n + l 

S, = 27rn^-, ^j^j ^-^V;-M— , (59) 

where n = D — p — 3, ^n+i is the volume of a unit {n + l)-sphere, and Vp is the 
volume of the p-dimensional torus on which the brane is wrapped. If the radii of the 
torus are small enough the black p-brane is, according to the above reasoning, stable, 
while if one of the radii, R, is too large the black p-brane will tend to collapse in the 
corresponding direction forming a black {p — l)-brane. For this to occur the lower- 
dimensional brane should be the configuration with the highest entropy. Ignoring 
numerical factors, we find from setting Sp ~ Sp^i that the critical value of R is given 
by 

R' 



\Vp.iJ ' 

which coincides with the Schwarzschild radius (or equivalently, the inverse Hawking 
temperature) of the {p — l)-brane. If the conjectured equivalence between the dy- 
namical and thermodynamical instabilities is correct, we conclude that thep-brane is 
stable only if all radii are smaller than this critical value, i.e., 

Ri<lp{Mlp)^ V i = l,...,p, (60) 

where Ip the D-dimensional Planck length. 

Can the properties of the Gregory-Lafiamme transition be understood in terms of 
our brane-antibrane construction? It is clear that, since we have the correct formulas 
for the entropy, the thermodynamical instability is exactly the same. From this point 
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of view, the instability means that if we enclose the system in a finite volume and 
hold its total energy fixed, then its entropy will increase when the volume decreases. 
In other words, the system prefers not to occupy the entire volume available, and it 
can accomplish this by annihilating the D-D pairs in one region of space to create 
additional pairs in another. This is not in contradiction with the fact that, as we 
discovered in Section 2^, at the temperatures of interest the 'tachyon' has a positive 
mass-squared, and the open string vacuum is stable. The analysis there was restricted 
to the case of a constant tachyon, whereas here we are considering a space-dependent 
perturbation which can be described as a local variation in the number of branes and 
antibranes. Such perturbation can be unstable even if the constant one is not. It 
would be interesting to pursue this issue further and find the dynamical equations of 
the perturbation to obtain the unstable mode analogous to the one found in super- 
gravity by Gregory and Laflamme Here, however, we limit ourselves to a simpler 



but nevertheless interesting question. We have noted that the entropy increases as 
we reduce the volume, but if we reduce the volume too much, the temperature might 
not be high enough to excite the gas, and the entropy would in fact decrease. It is 
then conceivable that the microscopic model stabilizes itself at some finite volume. 
Since we keep the total energy fixed, and not the temperature, it is not clear a priori 
whether this happens or not. We will analyze this issue in the next subsections, and in 
the process obtain a simple model for a ten-dimensional black hole in terms of branes 
and antibranes. The fact that certain aspects of the Gregory-Lafiamme instability 
could be explained in terms of a D-brane model was noted already in ||2j 



4.1 Collapse into a black hole 

We consider now the case where all of the cycles of the torus violate the bound (|60|) , 
and so, for the purposes of this section, can be considered to be infinite. The brane 
is then unstable, and is expected to reduce to a black hole. Our microscopic model 
tells us that the mass of the neutral black brane can be written as 



M = 2TpNU' + E, (61) 

where E is the energy of the gas and L is the size of the brane system, which can 
vary due to tachyon condensation. Both E and the entropy S are proportional to A^*^, 
where c = 2, 3/2, 3 for the case of D3-, M2-, and M5-branes, respectively. 

If we regard M = M{N, L, T) and S = S{N, L, T), then maximizing the entropy 
while holding the mass fixed means enforcing the two conditions 

dS 1 dM , , 

, (62) 




dN T dN 
dS 1 dM 



, (63) 



dL T dL 

where the second one is the condition of vanishing pressure. The first equality in (B2| 
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and (|63|) follows from the chain rule and the fact that (|6TD implies 

With the help of (^) and S,E (x N'^, we can rewrite (p^ as 

M 1 - c 

- - + = . (65) 

By dimensional analysis, 5* ~ 5* {LT), and E f {LT) / L for some function /. Using 
this and M — E oc L^, together with (0) and (p3|), we can rewrite the first equality 
in (|63|) as 

Now, for a large p-brane the equation of state for the gas is S* = ^y-§- With the 
help of (|65|) and (^), this implies that the system has negative pressure, 

(as\ (c-i)p M 

with the consequence that the branes will tend to contract. That is, Eq. (|63|) can 
never be satisfied: as we knew already, there is no local minimum. We would now 
like to consider how finite-size effects change the form of the entropy. The partition 
function for the gas (including the bosonic and fermionic degrees of freedom) is given 
by 



\nZ ~ A^" y In ^ 
^ \ e " 



\/LT 



(68) 



When the size becomes smaller than 1/T, the partition function is dominated by the 
\n\ = 1 term, 

\nZ N^e-^/^^ , (69) 

from which one easily derives 

E ^ ^e~i/^^ (70) 

S = LE + ^E. (71) 

The crucial question is now whether this change will be sufficient to stop the contrac- 
tion. For this to occur the pressure (^) must vanish, i.e., 

E = -^M . (72) 

p + l ^ ^ 



and 
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Using ([65| ) and (|7TD one finds that this will indeed happen at a critical size 

L = -\;- (73) 
pc I 

To summarize, we have shown that a black brane wrapped on a large torus is 
unstable, and will tend to break and contract until it reaches the size quoted above. 
What are the characteristics of the final object? Using ( |72D and ( [73| ) in ( [7TD we find 
that c{p + l)^ = {pc + 1)M/T, and with the help of (0) we can infer from this that 

e(p + l) 

Sr^Ml^. (74) 

More precisely, if we use the values appropriate for the D3-brane case, p = 3 and 
c = 2, we find 

S ~ (M/p,io)'/' , (75) 

which is the expected entropy for a ten-dimensional black hole! The M2-brane, with 
p = 2 and c = 3/2, and the M5-brane, with p = 5 and c = 3, both give the appropriate 
entropy for an eleven dimensional black hole: 

S ~ (M/p,n)'/' . (76) 

Notice also that the size of the final object is commensurate with the Schwarzschild 
radius Tq of the corresponding black hole: one finds (in Planck units) L ~ M^/'' for 
the D3-brane case and L ~ M^/^ for the M2- and M5-brane cases. By (|75D, this 
is equivalent to saying that the temperature of the gas agrees with the Hawking 
temperature of the black hole. It is intriguing that in the microscopic model r = tq 
has a definite meaning as the place where the system ends; it is difficult to imagine 
how an infalling observer could fail to notice this type of 'horizon', as must be the 
case for a large macroscopic black hole. 

All in all we have obtained a simple model for the ten-dimensional black hole. It 
is perhaps worth noticing that the expression (|7^) can be writen as S* ~ A^^, that is, 
the entropy is proportional to the square of the number of branes-antibrane pairs, and 
depends on the volume and temperature only through A^. This comes from the fact 
that there are A^^ modes with fixed spatial dependence (|n| = 1). This is similar to 
what happens with a 'small' black hole in global AdS space. From there we know that 
a ten-dimensional black hole can be described by constant matrices of size N x N (see 
|66|), which is quite similar to what we have here. It would be interesting to further 



explore the properties of the present model, to see if they agree with the expectations 
from supergravity. 

We have so far shown that a p-brane wrapped on a large torus is unstable, and 
that the end product will be a stable black hole, in complete agreement with the 
supergravity expectations. What if the size R of the torus is small? We then need 
to show two things: that the standard formula for the entropy of the brane continues 
to hold for the small tori, and that there is no instability towards a collapse into 
something else. The crucial observation in this context is that the branes can connect 
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with one another to form a single multiply- wrapped brane |59, 27, 29]. Effectively 
this means fewer degrees of freedom living in a larger volume. In the D3-brane case, 
for instance, we find degrees of freedom, rather than A^^, living in the volume NV, 
rather than V. For large V this implies that the formula for the entropy remains 
exactly the same whether the branes are multiply-wrapped or not. For small V, 
however, there is an important difference: in the multiply-wrapped case the entropy 
formula continues to be of the standard form down to much smaller size. The reason 
is of course that the effective volume is really NV, and as a consequence finite-size 
effects are delayed. This is crucial since otherwise we would not have been able 
to explain the entropy of the black brane for small tori, which is precisely where the 
system should be stable. Furthermore, ignoring the Gregory-Laflamme instability, the 
supergravity expression for the entropy of a p-brane does not show any discontinuity 
at the the critical size. 

Still, we must make sure that the instability that we observed for large tori is no 
longer present when R < 1/T. The key is again the multiple wrapping. If the tachyon 
condenses leaving a bubble of uncondensed tachyons of size L < R, it is clear that 
within this bubble we cannot have any multiply- wrapped branes. Since L < 1/T, 
finite-size effects are important, and as we have seen above these would yield the 
smaller entropy (ffll). From this we conclude that, on a small torus, the (multiply- 
wrapped) brane- ant ibrane system is stable, in agreement with the expectations for 
its supergravity counterpart. A subtlety is that it might be possible for the tachyon 
to condense in such a way as to create a hole on the branes and antibranes, without 
disrupting the fact that they are multiply-wrapped. To probe the stability of the 
system against such local perturbations would require a more detailed analysis of the 
dynamics than what we consider in this paper. 



4.2 Collapse into lower-dimensional branes 

What if we let only some of the cycles of the p-dimensional torus on which the system 
lives be larger than the bound (|60D ? Can our model reproduce the entropies of the 
resulting lower-dimensional black branes? To be more precise, let us say that p — p 
of the radii of the exceed the stability bound. The D-D pairs will then partially 
annihilate, and the size L of the system along these directions will decrease. The 
entropy increases if we decrease L, but as we show below this ceases to be true when 
L ~ 1/T. Since our model accounts for the entropy of the initial black branes, the 
analysis between Eqs. (^) and (|60D predicts that in this case the system will have 
the entropy-energy relation of a p-brane, up to a numerical factor of order unity. This 
can be verified explicitly by extremizing the entropy with respect to A^ in our model, 
obtaining 

e(p+l)-p(c-l) , ^ 

5* ~ M(p-p)('=-i)+p+i . (77) 
In order for this to match the general formula (^) we must have that 

c{p + l) -pjc-l) ^ D-p-2 
(p-p) (c- 1) +P+ 1 D-p-3' ^ ^ 
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or equivalently, 

P±l = D-3-p, (79) 
c — 1 

which is true precisely for the values of p and c appropriate for the D3-, M2- and 
M5-brane cases. 

Now we have to check that the entropy really ceases to increase if L is of order 
1/T. The brane-antibrane system has topology x P~p, where I is an interval of 
a certain length L. Outside of this interval the tachyon is fully condensed and we 
have the closed string vacuum, so the masses of all open string fields tend to infinity. 
Because of this, the mass-terms in the action force all fields to go to zero at the end 
points of I. This implies that there is no constant mode on I, and exciting any mode 
requires at least an energy 1/L. If T < 1/L no modes are fully excited, and the 
entropy decreases in a manner similar to what we saw in Section |4.1| , which is what 
we wanted to show. 

The possibility of describing lower- dimensional black branes in terms of higher- 
dimensional ones is clearly an extension to the non-extremal case of Sen's identifi- 



cation of D-branes as lumps in the tachyon field |]T2|, It is intriguing to note 
that in the case of eleven dimensions we have found two different ways to obtain 
the lower-dimensional black branes. For instance, the black two-brane can either be 
viewed as pairs of M2's and M2's, or as pairs of M5's and M5's where the tachyon 
has condensed along three directions. 



5 Conclusions 

In this paper we have studied brane-antibrane systems at finite temperature. It is 
intuitively obvious that a large enough temperature will lead to the creation of D-D 
pairs, and as we have seen in Section 0, the recent results in tachyon condensation 
can be used to make this idea more precise. The field theory description allows in fact 
the creation of partially-condensed brane-antibrane pairs, for which the expectation 
value of the tachyon lies at neither the open string nor the closed string vacuum. 
As we have seen, in the canonical ensemble the system is unstable towards creation 
of an infinite number of brane-antibrane pairs, so it should really be studied in the 
microcanonical ensemble, where only a finite amount of energy is available. It is 
then favorable to put all of the energy into closed strings, rather than use it to create 
branes. However, in the regime Qs states with ^ 1 D-D pairs and open strings 
can be long-lived, because the emission of closed strings is suppressed. If we keep QgN 
fixed, then the open strings have non-trivial dynamics. We argued that the value of 
QgN and the energy density determine the nature of the stable brane-antibrane state 
(which is really meta-stable if we take into account the closed strings). 

For QsN <^ 1, there is a stable state with the tachyon partially condensed, that we 



described in Sections and p.2| . This state contains partially annihilated D-D pairs 
and massive open strings living on them. When the temperature is of the order of 
l/lg (with a weak dependence on ^f^), the masses are of order ~ l/lg- This fact might 
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be important when describing closed strings at high temperatures, as for example in 
the investigation of the possible nature of the Hagedorn transition, or near a black 
hole horizon. 

For QsN ^ 1, on the other hand, we showed in Section |2.3| that the 'tachyon' 
field is no longer tachyonic at the open string vacuum if the temperature satisfies 
T > l/y/QgN. The D-D pairs then do not annihilate, and their excitations include 
massless open strings. The number of brane-antibrane pairs in this stable state 
cannot be chosen arbitrarily; it is determined thermodynamically by maximizing the 
entropy keeping the total energy fixed. The entropy of the system is clearly zero if 
we do not create any brane-antibrane pairs (no degrees of freedom) or if we create 
the maximum number possible (largest number of degrees of freedom but no energy 
left to excite them), so the entropy will be maximized by an intermediate value of 
N such that the mass of the branes and the energy of the open string gas are of 
the same order. This state exists only in the non-perturbative regime ggN > 1, 
and it is therefore natural to associate it with a black brane solution of supergravity 
at the same temperature. Going back to the issue of closed string emission, in the 
supergravity description that would correspond to Hawking radiation, which is indeed 
suppressed for gs 1. 

In Section ^ we examined more closely the identification between the stable brane- 
antibrane state and a black brane in supergravity. Building upon |jl8|, we formulated 
an explicit microscopic model for the black three-brane in type IIB theory, and also for 
the two- and five-brane in M-theory. The model involved a stack of branes, a stack of 
antibranes, and a gas of massless open string modes on each stack. We argued that, at 
low energies, the theory on the branes is decoupled from the theory on the antibranes. 
We were then able to use the AdS/CFT correspondence to compute the entropy of 
each strongly-coupled system separately, and then add them together. The resulting 
entropy agreed with the supergravity result up to a puzzling factor of 2", with p the 
dimension of the corresponding brane (in all cases this can be interpreted as a factor 
of 2 in the energy). Since the AdS/CFT correspondence uses supergravity (in the 
near-extremal region), the result might appear to be merely a consistency check, but 
the fact is that we are describing a very different regime (including the Schwarzschild 
case), and a different situation, since the number of branes can change. The agreement 
we find is, at least to us, a very unexpected property of the supergravity expressions. 

A puzzling fact is that, when the number of branes differs from the number of 
antibranes, to reproduce the supergravity result one has to assume that the energy 
densities (or equivalently, the pressures) of the two gases are the same, implying that 
their temperatures are different. Since we argued that the theories are decoupled, 
it is certainly not out of the question that the temperatures could be different, but 
we lack an understanding of why precisely the states with equal energies on the two 
gases correspond to the supergravity solution. 

Since we obtain the correct entropy-energy relation, it is clear that other properties 
of the black branes are reproduced. In particular, the specific heat of our microscopic 
system is negative. When the system loses energy, the energy density of the gas 
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decreases, which would seem to imply that its temperature decreases. However, the 
gas is no longer capable of sustaining the same number of branes. A pair annihilates 
and the resulting energy is added to the gas, increasing the temperature. 

Another important property of the supergravity solution is the fact that the black 
brane entropy increases as we decrease the volume. This is the thermodynamical for- 
mulation of the Gregory-Laflamme instability. If the black three-brane, for instance, 
lives on a very large torus, then it has lower entropy than a ten-dimensional black 
hole, so the latter is the preferred configuration. In Section ^ we showed that in our 
microscopic model it is also convenient to reduce the size of the system, but only until 
it is of the order of the inverse temperature. Beyond that point the temperature is 
no longer large enough to create excitations on the branes, so the entropy in fact de- 
creases. The radius that maximizes the entropy was found to yield an entropy-energy 
relation for the system which is precisely that of a black hole in ten dimensions, as 
expected from the supergravity side. The entropy is proportional to A^^ and is car- 
ried by the components of the matrix fields, rather than by their spatial dependence. 
This is important since it means that the gas on the branes does not probe distances 
smaller than the Schwarzschild radius. Contrary to what is expected for a normal 
gas, increasing the total energy of our system does not help to probe shorter distances 
(instead, the energy is used up in creating brane-antibrane pairs), in analogy with 
the behavior of a black hole. 

The situation is different if the system lives on a sufficiently small torus. Since 
the branes can be multiply-wrapped, the large-volume formulas are valid even if the 
temperature is smaller than the inverse size of the torus. Brane-antibrane annihilation 
would destroy the multiple wrapping and thus lower the entropy, so the microscopic 
system is in this case stable, again in agreement with the black brane in supergravity. 

To summarize, the field theory model we have studied in this paper possesses 
several appealing features which are in close correspondence with the properties of 
black branes and black holes in supergravity. Beyond the immediate task of ques- 
tioning its assumptions and attempting to resolve the numerical discrepancy in the 
entropy, there are many other aspects that remain quite obscure, in particular the 
usual questions about black hole formation, complementarity, etc. By analogy with 
the AdS/CFT correspondence, it would also be interesting to see in what sense the 
near-horizon geometry of the black brane (i.e., Rindler space) is encoded in the micro- 
scopic description. Most important of all, the model should be tested in ways other 
than just computing the entropy. 

For instance, similarly to it will be interesting to compare the greybody fac- 
tors with the field theory predictions. Also, one should be able to explicitly find 
the macroscopic perturbation of the system that is the equivalent of the Gregory- 
Lafiamme unstable mode in supergravity. We believe that these and other aspects of 
the model merit further study. 
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Appendix A 

In the text we found it useful to know all the components of the energy- momentum 
tensor rather than just the energy. In order to do that we follow the procedure of 



31| , where more details can be found. We start by considering the D3-brane solution 
ds" = h--2{-fdt^ + dy^) + h^f-^dr^ + r^dnl) , (80) 

4 

h = 1 + sinh2(a)^ , (81) 

/ = 1-^- (82) 

The solution can be written in isotropic coordinates by means of a change of radial 
variables 

1 



2P = - -r^ + Jr^ - r^r^ , (83) 



ds^ = h--2{-fdt^ + dyf\) + '-^{dp^ + p^dQl) . (84) 



For p oo we can write (7^,^ = rj^i, + h^^, with 



/loo ^ (l + isinh2(a))4 , (85) 



2 ^ "p^ 



hi, - -^sinh2(«)45., , (86) 
Z p 

hab ^ Q + ^sinh^(«)) , (87) 

where i,j are spatial indices parallel to the brane and a,b denote the perpendicular 
directions. It is easy to see that h^u satisfies the harmonic gauge condition 

dxh^, - \d,h = 0, h = r-'h^, , (88) 
which in turns simplifies the linear Einstein equations to 

dxd^ (^h^, - ^ri^,h^ = IGttGT^, . (89) 
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Inserting the asymptotic values of we get 



^00 




T- 






Tab 


= 0, 



cosh(2a) + - ) 5{x±) 



—Tq - cosh(2a) + - 



(90) 

(91) 
(92) 



as used in the text. The delta-function in the transverse coordinates disappears after 
integrating over a small volume around the brane to get the 3 + 1 dimensional T^^^. 

The same calculation can be done for the M2- and M5-branes, to obtain the results 
used in the text. 
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